T lymphocyte development through the thymus involves dynamic cellular migration into, within, and out of the thymus (1) (2) (3) . Static analyses of thymus sections and isolated thymocytes from genetically and pharmaceutically modified animals, along with the logical implications of those results, have revealed the involvement of several molecules including G protein-coupled chemotactic receptors (such as CCR7, CCR9, CXCR4, and S1P1) and adhesion molecules (such as PSGL-1 and VCAM-1) in guiding the relocation of thymocytes during development and selection within multiple environments of the thymus (4 -9) . However, it is unclear how thymocyte migration is affected or regulated by other components of the intravital environments, including interstitial fluidics and circulating vasculature. Thus, it is tempting to directly visualize how developing thymocytes migrate into, behave within, and egress out of intravital thymic architecture.
To this end, several laboratories have attempted to launch an experimental system in which thymocyte behavior can be timelapse visualized under a microscope (10) . Using two-photon laserscanning microscopy to visualize fluorescence-labeled thymocytes in reaggregate thymus organ culture (11) and in intact thymus lobe culture, Robey and colleagues (12) showed that a large fraction of cortical thymocytes in intact thymus lobes exhibit random walk motility before positive selection and that the appearance of a thymocyte population displaying rapid and directed migration toward the medulla coincides with positive selection (12) . In another study that also used two-photon laser-scanning microscopy to visualize calcium signals in thymocytes that were seeded in thymus slice culture, it was confirmed that most naive thymocytes are highly motile in the thymus slice culture, and further shown that positively selected thymocytes become immobile and exhibit sustained calcium oscillations (13) . Those studies provided a dynamic view of thymocyte behavior in the thymus microenvironment. However, it is important to note that those studies visualized thymocytes in "intact" thymus environments that were "isolated" from the body and that were organ-cultured in vitro. Therefore, those results represented in vitro, not in vivo, behaviors of thymocytes that were removed from interstitial fluidics and circulating vasculature, which are essential components of intravitally intact thymus environments.
To examine the intravital behavior of thymocytes in vivo, our laboratory initially attempted to visualize the thymus in live mice with two-photon microscopy, and immediately realized that it was difficult, if not impossible, to keep the mouse alive while examining endogenous thymus from the chest cavity under a microscope. Consequently, fetal thymus was transplanted into mouse back skin, lethally irradiated, and reconstituted with GFP-expressing bone marrow progenitor cells. It became possible by anesthesia and surgical operation to examine the transplanted intradermal thymus grafts under a microscope, using a technique similar to the intravital visualization of lymph nodes (14, 15) . In agreement with published results of the isolated thymus in vitro (11) (12) (13) , we could detect the "random walk motility" of cortical thymocytes in those intradermal thymus lobes in vivo (our unpublished results). However, surgical invasion is known to elicit in vivo stress responses by activating the hypothalamic-pituitary-adrenal axis, thereby increasing systemic glucocorticoid concentration (16, 17) , which in turn damages immature thymocytes and causes the involution of the thymus (18, 19) . We thus reasoned that the in vivo behavior of mouse thymocytes detected in such intradermal thymic grafts must be severely biased by surgical stress. Moreover, we noticed that the intradermally transplanted thymus lobes were aberrantly vascularized and heavily fibered, precluding the tracking of thymocyte dynamics in the thymus environment with physiologically distributed vasculature.
To overcome these problems associated with the use of mouse as model organism, we describe in this study the use of medaka, Oryzias latipes, for the intravital visualization of developing thymocytes. Like zebrafish Danio rerio (20 -22) , medaka is one of the smallest vertebrate species equipped with an adaptive immune system, including the thymus, T lymphocytes, and T cell-mediated cellular immune responses such as allograft rejection (23) (24) (25) . The small size of the genome (800 Mb in medaka vs 1700 Mb in zebrafish) along with the availability of various genomic resources, including a completed sequence and bacterial artificial chromosome BAC library, makes medaka a useful species for genomic analysis and genetic experiments including transgenesis and morpholino antisense oligonucleotide-mediated gene knockdown (26, 27) . The availability of various inbred strains is also a powerful feature of medaka over zebrafish (26) , especially in studying the immune system such as the development and function of T lymphocytes. The ex-uterine and oviparous development of medaka allows in vivo imaging of fluorescent cells in intact body even during embryogenesis. Most notably, compared with zebrafish, transparency during development and throughout life in many medaka strains is particularly advantageous for the visualization of cellular dynamics in vivo (28) .
By establishing transgenic medaka lines that express enhanced GFP (eGFP) 4 under the control of immature lymphocyte-specific rag1 gene, the present study describes the time-lapse visualization of intravital behavior of developing thymocytes at single-cell resolution in undisturbed body without surgical stress or anesthetic modification.
Materials and Methods

Transgenic medaka
The Cab strain of medaka (Oryzias latipes) was maintained as described (29) and used for transgenesis. The developmental stage was designated as described by Iwamatsu (30, 31) . A genomic DNA clone containing the rag1 gene was previously described (25) . The 9.6-kb fragment from synthesized SmaI site at the position of rag1 start codon to NotI site in the vector adjacent to 5Ј upstream of rag1 was cloned into pBluescript II KS (Ϫ) vector (Stratagene). The fragment containing egfp and SV40 polyadenylation sequence of pEGFP-1 (BD Biosciences) was inserted into the vector downstream of the 9.6-kb fragment. The EcoRI-SalI fragment containing two I-SceI restriction sites from pKan r plasmid (32) was cloned downstream of the polyadenylation site. The rag1-egfp construct was dissolved in water containing 0.5ϫ BSA, 0.5ϫ I-SceI buffer, 1% rhodamine, and 1 U/l I-SceI (New England Biolabs), and injected into medaka eggs at one-cell stage using an Eppendorf-Metheler-Hinz 5171 micromanipulator. Embryos around the day of hatching were observed under a fluorescence microscope and those exhibiting eGFP signals in the pharyngeal region were further used to establish rag1-egfp-transgenic lines. Three stable transgenic lines were generated from 21 successfully injected eggs.
Microinjection of morpholino oligonucleotides
A 50 nM morpholino oligonucleotide RNA covering the start codon of medaka tbx1 (GGCTGGAGATGGCTGAAATCATCCC; Gene Tools) with 0.5% rhodamine dextran (M r ϭ 10 ϫ 10 3 ; Invitrogen Life Technologies) was injected into medaka eggs at one-cell stage. Where indicated, morpholino oligonucleotide RNA for TC38207 (CGAGGGTGTGAAAC TTCATGGCTGC), TC33065 (CAGAGAGTCTTCATGGCGTTCTTTC), or TC33458 (GGCCATGTCTGCGTCCGTGATGATC) was injected. In control medaka, 0.5% rhodamine dextran with or without morpholino oligonucleotide RNA for an unrelated gene TC53327 with five-nucleotide substitution (GCACGCTGAAACTCTGAGATTTGAC) was injected.
Whole-mount in situ hybridization
The probes for detecting rag1 and ikaros have been previously described (25) . Medaka foxn1, gata1, TC38207, TC33065, and TC33458 were amplified by PCR from adult Cab whole body cDNA with the following primer sequences: foxn1, 5Ј-TCACAGAGACATCCATCGCA-3Ј and 5Ј-GGATGCTTGCAGTGGTGTGA-3Ј; gata1, 5Ј-CAGTAGCAGCTTCTTG AACC-3Ј and 5Ј-TGTGGGAGACTTTTCTGTTG-3Ј; TC38207, 5Ј-GGGG CTTTTCCTTCAGAGAC-3Ј and 5Ј-GGATCTGCTTGCAGATGAGAC-3Ј; TC33065, 5Ј-GGTCAGAAAGAACGCCATGA-3Ј and 5Ј-AATTGCT TCCTGCAGAGGTT-3Ј; and TC33458, 5Ј-GAAGAGACTCGCTGAACA CC-3Ј and 5Ј-GACAACAAGGACGTGCTCT-3Ј. PCR products were cloned into pCRII vector (Invitrogen Life Technologies) and used to make sense and antisense RNA probes. Probe synthesis and whole-mount in situ hybridization were conducted as described (25) .
Histological analysis
Whole medaka bodies and adult medaka kidney were fixed with 4% paraformaldehyde at 4°C for 1 h and embedded with OCT compound (Sakura Tissue-Tek). Serial sections at 10-m thickness were analyzed for eGFP expression, or stained with H&E. Ulex europaeus agglutinin-1 (UEA-1) staining was performed as described (33) . Confocal images were acquired with a TCS SP2 laser scanning microscope equipped with a ϫ20 objective lens (1.25-0.75 NA) and argon and helium-neon lasers (Leica Microsystems).
Flow cytometry analysis and sorting of eGFP-expressing cells
The single-cell suspension was resuspended in 2.5 g/ml propidium iodide. Viable (propidium iodide-negative) cells were analyzed with FACSCalibur and sorted using FACSVantage (BD Bioscience ϩ CD11b ϩ thymic macrophages were isolated from newborn C57BL/6 mice, as described (7, 33) .
Vasculature analysis
Red fluorescent FluoSpheres beads (Invitrogen Life Technologies) were diluted with 1ϫ Danieau solution and injected into the sinus venosus of rag1-egfp-transgenic embryos (ϳ6 nl per embryo). Embryos were fixed with 4% paraformaldehyde at 4°C for 1 h and embedded with OCT compound.
Time-lapse fluorescence imaging
A viable medaka or a chorion-stripped medaka egg was placed in a drop of Ringer's solution containing 3% methylcellulose, and fluorescence images were time-lapse recorded using a TCS SP2 confocal laser-scanning microscope equipped with objective lens ϫ20 (ϫ4 zoom, 0.7 NA) or objective lens ϫ10 (ϫ8 zoom, 0.4 NA) (Leica). The scan sequence at depths of 100 -250 m below the surface of the body was repeated every 10 s for up to 15 min to obtain four-dimensional datasets (x, y, z, and time). The datasets were processed using Image J software provided as freeware by Dr. W. Rasband (National Institutes of Health, Bethesda, MD), and the length of migratory paths was manually measured using Graphic Converter software (Lemke Software). Thymocyte motility was analyzed in 50 -150 cells per image. Statistical evaluation of the values was conducted using Microsoft Excel software.
Quantitative real-time PCR analysis
Total cellular RNA was extracted using Isogen (Wako Pure Chemical). cDNA was synthesized using Superscript III First Strand Synthesis System (Invitrogen Life Technologies). Quantitative real-time PCR was performed using SYBR Premix ExTaq (TakaraBio) and iCycler iQ System (Bio-Rad).
Amplified signals were confirmed to be single bands by gel electrophoresis and were normalized to the levels of cytoplasmic actin. Primers for tcr␤ and cytoplasmic actin were previously described (25, 34) . Primer sequences for gata1 are described above. Other PCR primers used in this study are as follows: egfp, 5Ј-GGCACGAGGGAGCGTTTGAG-3Ј and 5Ј-CAGAAGAGCGGCCTTCTTGC-3Ј; rag1, 5Ј-AATCTTCCAGGATGAA ATCGG-3Ј and 5Ј-GGAAGTGTAGAGCCAGTGGT-3Ј; ikaros, 5Ј-TCC ACAGACACCGAGAGCAA-3Јand5Ј-GGCAGTGTTCGCAACGGTAA-3Ј; tcr␣, 5Ј-AGAAGACGACGTGTGCTTG-3Ј and 5Ј-ACGTTGAAGA CGACCGTT-3Ј; cd4, 5Ј-TTTGCTCCCATCGCAGACAG-3Ј and 5Ј-ATG TGTAGGTCCCCGCATCA-3Ј; cd8␣, 5Ј-TCACCACATGTGCTGATAG G-3Ј and 5Ј-CAAGAGCGGCGCAGACGTAT-3Ј; ig, 5Ј-CAGGCT CCAAACGTGTTTCC-3Ј and 5Ј-CTGTCGGCTGACTTCAACCT-3Ј; TC38207 (possible ortholog of catfish SCYA103 with 50% identity in amino acids and of mouse CCL25 with 34.4% identity in amino acids), 5Ј-GGGGCTTTTCCTTCAGAGAC-3Ј and 5Ј-GGATCTGCTTGCAGAT GAGAC-3Ј; TC33458 (possible ortholog of catfish SCYA109 with 29.8% identity in amino acids and of mouse CCL21 with 33.0% identity in amino acids), 5Ј-GAAGAGACTCGCTGAACACC-3Ј and 5Ј-GACAACAAGG ACGTGCTCT-3Ј; TC33065 (possible ortholog of catfish SCYA104 with 28.7% identity in amino acids and of mouse CCL3 with 27.7% identity in amino acids), 5Ј-GGTCAGAAAGAACGCCATGA-3Ј and 5Ј-AATTGCT TCCTGCAGAGGTT-3Ј; and MF01FSA038H02 (possible ortholog of catfish SCYA112 with 20.7% identity in amino acids and of mouse CCL20 with 23.4% identity in amino acids; DDBJ/GenBank/EMBL accession no. BJ485301), 5Ј-GGTCCTGCAGATGTTGACTG-3Ј and 5Ј-TGGCGTAT GACTACGGGTTT-3Ј. Data were statistically evaluated by the Student's t test. TC38207, TC33458, and TC33065 are medaka Expressed Sequence Tags in the TIGR (The Institute for Genomic Research) database.
Database accession nos. from DDBJ/GenBank/EMBL for the genes identified in this study were as follows: ikaros, AB274723; foxn1, 
Results
Establishment of rag1-egfp-transgenic medaka
To track developing T lymphocytes in the thymus in vivo without surgical invasion, we generated transgenic medaka lines in which immature lymphocytes would express eGFP under the control of cis-elements for the immature lymphocyte-specific rag1. To do so, we isolated genomic clones containing medaka rag1 locus by screening a medaka genomic library. The sequence of a 14.3-kb fragment was ascertained to contain the full-length rag1 (Fig. 1A) . The 9.6-kb fragment that is located at the 5Ј non-coding region of the rag1 locus and that presumably contains the regulatory sequences for rag1 expression was attached to the egfp encoding sequence followed by the polyadenylation sequence and the I-SceI-sensitive sites (Fig. 1A) . This transgenic construct was injected into pronuclei of fertilized medaka eggs. It was found that the transgenic medaka exhibited prominent eGFP expression distinctively in the pharyngeal region (Fig. 1B) . The eGFP signal found in the pharyngeal region of the transgenic medaka was similarly localized within the thymus where endogenous rag1 was detected (Fig. 1C) . The pharyngeal signals of eGFP and rag1 were synchronously abolished by the morpholino-mediated knockdown of tbx1 (Fig. 1D) , a gene essential for pharyngeal arch development including the thymus (35) (36) (37) (38) . Thus, the eGFP signal detected in the pharyngeal region of rag1-egfp-transgenic medaka enables prominent visualization of the thymus.
Three independently established lines obtained upon injection of the rag1-egfp-transgenic construct showed similar eGFP fluorescence signals in the thymus, and thus we report the results from one of those transgenic lines.
eGFP detection of thymocytes in rag1-egfp-transgenic medaka
By analyzing serial sections of the pharyngeal region, the thymus in young adult medaka at 6 wk postfertilization (wpf) was found to be shaped as illustrated in Fig. 2A , essentially in agreement with a previous description (30) . It was found that eGFP ϩ cells in the pharyngeal region of adult rag1-egfp-transgenic medaka were similarly localized to hematoxylin-rich hemopoietic cells within the thymus (Fig. 2B) . At late embryonic stage 36 (6 days postfertilization (dpf)) and stage 37 (7 dpf), the eGFP signal was also detectable in regions anterior and posterior to the thymic mass (Fig.  1C) . eGFP ϩ cells isolated from the thymus-containing pharyngeal region with a FACS were mostly small and had condensed nuclei and barely detectable cytoplasm, resembling mouse thymocytes (i.e., lymphoid cells in the thymus) rather than thymic epithelial cells or thymic macrophages isolated from mouse thymus (Fig. 2C) . Flow cytometry analysis showed that these eGFP ϩ thymic cells indeed contained two populations, a major population of small cells and a minor population of large cells, identified by forward and side scatter intensities (Fig. 3A) , in agreement with the profiles of zebrafish and mammalian thymocytes (22) . Thus, eGFP ϩ cells in the thymus of rag1-egfp-transgenic medaka were identified to be thymocytes. Similar to thymocytes in other species, the majority of thymocytes in medaka were small lymphoid cells, and a minor population of large lymphoblastoid cells was also detectable.
The dorsal part of adult thymus contained an area positively stained with UEA-1 (Fig. 2D) , a fucose-binding lectin known to label thymic medulla in mice and rats (39, 40) . Like thymic medulla in mice, this UEA-1 ϩ area in medaka thymus was less densely localized with thymocytes than the UEA-1 Ϫ area in the thymus and was undetectable during early ontogeny before or at 2 wpf (Fig. 2D) , suggesting that the UEA-1 ϩ region in medaka thymus may represent the medullary region of the thymus where positively selected mature thymocytes are accumulated in the thymus.
Other than the thymus, the expression of egfp and rag1 was not very prominent in various organs of adult medaka (Fig. 2E) . However, we detected low levels of egfp and rag1 mRNA (Fig. 2E) and scattered distribution of eGFP ϩ cells (Fig. 2F ) in the kidney of adult rag1-egfp-transgenic medaka. Like eGFP ϩ thymocytes, eGFP ϩ cells in the kidney were small and hematoxylin-rich, resembling hemopoietic cells (Fig. 2C) . Teleost kidney is known to serve as the primary hemopoietic organ, which is equivalent to mammalian bone marrow (20 -22, 30) . Indeed, eGFP ϩ cells isolated from adult medaka kidney expressed immature lymphocyte-specific genes such as ikaros and rag1, similar to eGFP ϩ thymocytes (Fig. 2G) . However, eGFP ϩ kidney cells and eGFP ϩ thymocytes expressed significantly different levels of a B cell-specific gene, ig, and T cellspecific genes, cd4, cd8␣, tcr␣, and tcr␤ (Fig. 2G) ; ig was expressed at a higher level in eGFP ϩ kidney cells, whereas cd4, cd8␣, tcr␣, and tcr␤ were expressed at higher levels in eGFP ϩ thymocytes (Fig. 2G) . eGFP ϩ cells in adult medaka kidney were a mixture of small cells and large blastoid cells (Fig. 3A) . Thus, eGFP ϩ kidney cells in rag1-egfptransgenic medaka represent rag1-expressing immature lymphoid cells including the cells of B lymphocyte lineage, similar to those in rag2-gfp-transgenic zebrafish (22, (41) (42) (43) as well as those in the bone marrow of rag1-gfp-knockin mice (44), rag2-gfp-knockin mice (45) , and rag2-gfp-transgenic mice (46) . In contrast, eGFP ϩ cells in the medaka thymus are enriched with thymocytes of T lymphocyte lineage.
Embryonic development of rag1-egfp-expressing cells
In teleost species including medaka, embryonic hemopoiesis is first detected at the lateral mesoderm, which forms the accumulation of primary hemopoietic cells at the intermediate cell mass (20, 30, 47) . Accordingly, the expression of lymphoid gene ikaros and erythroid gene gata1 was detectable at the intermediate cell mass of stage-24 embryos at 2 days postfertilization (2 dpf) (Fig. 4A) . At this stage, no rag1 expression was detectable in rag1-egfp-transgenic medaka even in the region of the intermediate cell mass, by in situ hybridization analysis of rag1 as well as by the detection of eGFP ϩ signals (Fig. 4A) . eGFP ϩ cells in rag1-egfp-transgenic medaka were first detected at embryonic stage 27 (2.5 dpf) in an abdominal region near the first somite and ventral to the dorsal aorta (Fig. 4B) , an area suggested to be the earliest site of definitive hemopoiesis in many vertebrate species including teleosts (47, 48) . Interestingly, eGFP ϩ cells in rag1-egfp-transgenic medaka at embryonic stage 29 (3 dpf) were additionally detected in the pharyngeal region anterior to the thymus primordium (the region dorsal to the second and third pharyngeal pouches and ventral to the midbrain-hindbrain boundary) and were not detectable in the thymus primordium, which was identified by the expression of thymic epithelial cell-specific foxn1 (Figs. 4C and Fig. 5) . eGFP ϩ cells isolated from embryos at stage 27 (2.5 dpf) and stage 29 (3 dpf) by the cell sorter appeared to be hematoxylin-rich lymphoid cells (Fig. 4C) and expressed ikaros and rag1 but not gata1 (Fig. 4D) , suggesting that eGFP ϩ cells in embryonic stage 27 (2.5 dpf) and stage 29 (3 dpf) contained immature lymphoid progenitor cells including prethymic T progenitor cells (prothymocytes). eGFP ϩ viable cells in embryos at stage 27 (2.5 dpf) and stage 29 (3 dpf) exhibited forward and side scatter profiles similar to eGFP ϩ viable cells detectable in adult blood and adult kidney (Fig. 3, A and B) , in agreement with the possibility that many of these prethymic eGFP ϩ cells represented immature lymphoid progenitor cells. eGFP ϩ cells in the thymus primordium were first detected at stage 30 (3.5 dpf), and their numbers increased during subsequent embryonic development (Fig. 4E) . These results indicate that during embryogenesis in rag1-egfp-transgenic medaka, the detection of eGFP signals enables the visualization of prethymic lymphoid cells and thymus-colonized lymphoid cells.
Intravital visualization of embryonic thymus colonization
To visualize thymus colonization in undisturbed embryos in vivo, medaka eggs were time-lapse monitored under a single-photon confocal laser fluorescence microscope (Fig. 6A) . eGFP ϩ cells were detectable in and around the thymus, which was localized ϳ120 m from the surface of medaka embryos at stage 32 (4 dpf) (Fig. 6A) . Time-lapse images were obtained at 10-s intervals for 10 -15 min for six layers (total depth, 7.8 m) of 187.5 ϫ 187.5 m 2 area (Fig. 6A) , and the images of the third layer from the surface were subsequently analyzed and are shown in supplemental videos 1 and 2 (Fig. 6, B-D) . 5 It was shown that eGFP ϩ cells migrated toward thymus rudiment at an average velocity of 2.30 Ϯ 0.15 m/min (total cell number measured was 10, total measurement time was 50 min) (Fig. 6D) . The cells migrating toward the thymus demonstrated morphological changes during the migration, exhibiting a polarized and extended shape during movement and a nearly round shape during pause as shown in supplemental videos 1 and 2.
5 Interestingly, eGFP ϩ cells immigrated to the thymus only from an anterior edge in an orientation-specific manner (Fig. 6, B and C) . The thymus is not yet vascularized at embryonic stage 32 (4 dpf), unlike vascularized thymus at stage 37 (7 dpf) (Fig. 6E) . These results suggest that extrathymic tissues anterior to the thymus are involved in guiding lymphoid progenitor cells to the prevascular embryonic thymus.
Such a prevascular and orientation-specific guidance of thymus colonization may be at least partially mediated by the combination 5 The online version of this article contains supplemental material. of chemokines because the expression of several CC chemokine genes such as TC38207 (possible ortholog of mouse CCL25 with 34.4% identity in amino acids) and TC33065 (possible ortholog of mouse CCL3 with 27.7% identity in amino acids) was significantly abolished by the morpholino-mediated knockdown of tbx1 (Fig.  6F) , which controls the development of pharyngeal arches including the thymus primordium (35-38) also shown in Fig. 1D . Morpholino-mediated knockdown of either TC38207 or TC33065 reduced the accumulation of rag1-expressing cells in the thymus at stage 36 (6 dpf) (Fig. 6G) , indicating that TC38207 and TC33065 are involved in embryonic thymus development. TC38207 appeared to be expressed in pharyngeal region that contained the thymus (Fig. 6H ), in agreement with the possibility that TC38207-encoded chemokine is involved in embryonic thymus colonization. Whole-mount in situ hybridization of TC33458 expression (Fig.  6H ) and TC33065 expression (data not shown) gave weak and late-appearing signals at a region neighboring stage 37 (7 dpf) thymus and gave no specific signals so far, respectively.
In contrast to the stage 32 (4 dpf) prevascular thymus, the postvascularized thymus at stage 37 (7 dpf) was seeded with eGFP ϩ cells from multiple directions (Fig. 7, A and B) . The average velocity of thymic immigration at stage 37 (7 dpf) was 7.09 Ϯ 0.34 m/min (total cell number measured was 10, total measurement time was 50 min), which was approximately three times higher than the velocity at stage 32 (4 dpf) shown in supplemental videos 3 and 4 (Fig. 7C) . 5 These results indicate that the postvascularized thymus is seeded with lymphoid progenitor cells via multiple routes, perhaps via the entry through the circulation.
Intravital visualization of thymocyte behavior
We finally examined the in situ motility of thymocytes within the thymus in an undisturbed body. Medaka at 1 wpf (7 dpf, the day of hatching), 2 wpf (infancy), and 6 wpf (young adult) were placed in Ringer's solution containing 3% methylcellulose, and eGFP ϩ cells were time-lapse traced under a single-photon confocal laser fluorescence microscope (Fig. 8A) . eGFP ϩ thymocytes at 6 wpf were detectable at a depth of ϳ230 m from the body surface (Fig.  8A) . Time-lapse images were obtained at 10-s intervals for three layers (total depth: 2.6 m) of 150.25 ϫ 150.25 m 2 area (Fig.  8A) , and the images of the middle layer were analyzed subsequently and shown in supplemental videos 5 and 6 (Fig. 8, B-F) . 5 The results showed that 29.1 Ϯ 1.1% of eGFP ϩ thymocytes at 6 wpf in the UEA-1 Ϫ ventral area, resembling the thymic cortex, exhibited motility at velocities Ͼ2 m/min (n ϭ 200 cells) (Fig.  8C) . The velocity of motile cells was 8.8 Ϯ 0.9 m/min (total cell number measured was 10, total measurement time was 33.3 min) (Fig. 8D) , and many motile cells paused between movements (Fig.  8E) . The direction of thymocyte movement appeared random and was not uniform (Fig. 8F) . A small fraction of moving cells exhibited motility at velocities higher than 12 m/min as shown in supplemental video 7 (Fig. 8D) . 5 These results indicate that a considerable fraction of thymocytes in intravital adult medaka exhibit random-walk motility, as detected in ex vivo thymocytes in isolated mouse thymus lobes (11) (12) (13) .
Conversely, most eGFP ϩ thymocytes (98%) were dormant at 1 wpf, shown in supplemental video 8 (Fig. 8B) , 5 as only 1.9 Ϯ 1.0% of eGFP ϩ thymocytes showed movement at velocities higher than 2 m/min (n ϭ 114 cells) (Fig. 8C) . At 2 wpf, 18.2 Ϯ 0.5% of eGFP ϩ thymocytes showed motility at velocities higher than 2 m/min (n ϭ 200 cells), as shown in supplemental video 9 (Fig.  8, B and C) , 5 the velocity of motile cells was 6.5 Ϯ 0.4 m/min (total cell number measured was 10, total measurement time was 33.3 min (Fig. 8E) , and the direction of thymocyte movement appeared random and not uniform (Fig. 8F) . Thus, the random-walk motility of adult thymocytes is developmentally acquired during ontogeny. During the development from 1 to 6 wpf, eGFP ϩ thymocytes became smaller (Fig. 8G) and showed an increased expression of Ag-receptor genes tcr␣ and tcr␤ as well as coreceptor genes cd4 and cd8␣ (Fig. 8H) , likely reflecting the developmental progress of thymocytes to the stage expressing TCR, CD4, and CD8.
Discussion
In this study, we found that eGFP is specifically detectable in lymphoid cells including thymocytes and lymphoid progenitor cells in rag1-egfp-transgenic medaka. Because medaka is a vertebrate species with exceptional transparency, the preparation of rag1-egfp-transgenic medaka has enabled visualization of thymocytes in vivo at single-cell resolution without any surgical invasion, by means of conventional confocal microscopy with a singlephoton laser. Simply placing viable medaka in water containing viscous methylcellulose enabled time-lapse and intravital imaging of eGFP ϩ thymocytes in vivo without anesthesia. Oviparous development of medaka further allowed time-lapse and intravital imaging of eGFP ϩ lymphoid progenitor cells traveling toward the thymus during embryogenesis. Thus, we have established hitherto unaccomplished imaging of the single-cell dynamics of intravital thymocytes without surgical invasion or anesthetic modification.
Our results show that many eGFP ϩ thymocytes in the UEA-1 Ϫ cortex-like area of the thymus in young adult medaka are motile at velocities higher than 2 m/min. Robey and her colleagues (12) showed that a vast majority of mouse cortical thymocytes in intact thymus cultures are motile at velocities higher than 3 m/min. The observed behavior of most motile thymocytes, including randomly directional movement, wide range of velocities, and occasional pauses between movements, is alike between medaka (this study) and mouse (12) , indicating that the random-walk motility of a considerable fraction of thymocytes is a behavior that is shared by multiple vertebrate species and is likely important for the developmental regulation of thymocytes. Accordingly, this randomwalk motility may represent the search by newly generated TCR ϩ CD4 ϩ CD8 ϩ thymocytes for the interaction with peptide/ MHC complexes that determine developmental fate of TCR ϩ CD4 ϩ CD8 ϩ thymocytes through positive and negative selection, as previously suggested (1, 2, 12) . We also detected a minor population of highly motile thymocytes having velocities higher than 12 m/min, possibly representing positively selected thymocytes that are moving toward the medulla (12) . Because of technical difficulty to define the UEA-1 ϩ region in the intravital medaka thymus, this study did not address whether the movement of highly motile thymocytes might be directional toward the UEA-1 ϩ medullalike region and how thymocyte motility in the UEA-1 ϩ medulla-like region might be different from that in the UEA-1 Ϫ cortex-like region. In contrast, the frequency of motile thymocytes was much lower in medaka (29%) than in mouse (95%) (12) . This finding could be due to the difference in frequency of TCR ϩ CD4 ϩ CD8 ϩ thymocytes, which undergo positive and negative selection, between the two species, and/or to ontogenic differences between 6 wpf medaka and 4.5-5.5-wk-old bone marrow chimera mice. It is also possible that the difference may be attributed to thermokinetic differences in cellular motility due to different body temperatures (28°C in medaka vs 37°C in mouse) and/or other technical differences in experimental conditions (for example, intravital condition in medaka vs tissue culture condition in mouse). Nonetheless, it should be emphasized that our results show for the first time the behavior of intravital thymocytes in vivo without surgical invasion and without anesthetic modification.
The results of noninvasive intravital imaging also show that thymocyte motility is initiated during ontogeny. Thymocytes in baby medaka on the day of hatching (3 days after the initial thymus colonization) were nonmotile, whereas thymocytes at 1 wk after hatching (2 wpf) contained randomly walking cells, similar to young adult thymocytes at 6 wpf. The developmental acquisition of random-walk motility by thymocytes during ontogeny coincided with the expression of Ag-receptor genes tcr␣ and tcr␤ as well as coreceptor genes cd4 and cd8␣ in the thymocytes. The expression of TCR, CD4, and CD8 by developing thymocytes during ontogeny and the concomitant acquisition of thymocyte motility suggest that TCR Ϫ CD4 Ϫ CD8 Ϫ thymocytes may be nonmotile, and their development into TCR ϩ CD4 ϩ CD8 ϩ thymocytes initiates the random-walk motility for TCR-mediated positive and negative selection, further supporting the possibility that the random-walk motility is involved in repertoire selection of TCR ϩ CD4 ϩ CD8 ϩ thymocytes. eGFP ϩ lymphoid cells in rag1-egfp-transgenic medaka were first detected in ontogeny at stage 27 (2.5 dpf; before thymus formation) in the region near the first somite and ventral to the dorsal aorta, an area suggested to be the earliest site of definitive hemopoiesis in many vertebrate species including teleosts (47, 48) . By embryonic stage 29 (3 dpf), eGFP ϩ cells were also detected in the pharyngeal region anterior to the thymus primordium, which was positive for thymic epithelial cell-specific foxn1 but was still not colonized by eGFP ϩ thymocytes. eGFP ϩ lymphoid cells in embryos at stage 29 (3 dpf) likely represent immature lymphoid progenitor cells including prothymocytes because these cells expressed ikaros and rag1 but not gata1, tcr␣, tcr␤, cd4, cd8␣, or ig ( Fig. 4D and data not shown) . The nature of the pharyngeal region anterior to the thymus is still unclear, but may represent a prethymic reservoir for thymus-colonizing prothymocytes. Unlike eGFP ϩ cells near the dorsal aorta detectable at stage 27 (2.5 dpf), eGFP ϩ cells in the region anterior to the thymus detectable at stage 29 (3 dpf) were susceptible to tbx1-morpholino (data not shown), suggesting that this prethymic reservoir may be localized in tbx1-dependent pharyngeal tissues. Colonization of medaka thymus by eGFP ϩ lymphoid progenitor cells was first detected at stage 30 (3.5 dpf), when the thymus is still not vascularized. Whether lymphoid progenitor cells generated at the region near the first somite and ventral to the dorsal aorta indeed migrate to the pharyngeal region anterior to the thymus and whether lymphoid cells found at the pharyngeal region anterior to the thymus primordium migrate to the thymus are also unclear.
Time-lapse detection of embryonic thymus revealed that prevascular colonization of the thymus primordium is an orientationspecific event that occurs in an anterior-to-posterior manner toward the thymus. It is thus possible that similar to prevascular thymus colonization in mouse embryos, prevascular thymus colonization in medaka is mediated by multiple chemokines, and that at least one chemokine expressed in a region anterior to and outside the thymus primordium may guide the chemotaxis toward the thymus (33) . Indeed, the tbx1-morpholino-mediated defect of pharyngeal arch development, including thymus organogenesis and thymus colonization (35) (36) (37) (38) , resulted in the loss of at least two chemokine genes (TC38207, possible ortholog of mouse CCL25, and TC33065, possible ortholog of mouse CCL3) and morpholinomediated knockdown of either TC38207 or TC33065 reduced the accumulation of rag1-expressing cells in embryonic thymus. It was also found that TC38207 was expressed in pharyngeal region that contained the thymus. These results suggest that TC38207 and TC33065 are involved in directing embryonic thymus colonization.
Possible involvement of a chemokine expressed in a region anterior to and outside the thymus primordium agrees with the results in mice showing the coordination between Gcm2-dependent parathyroid and Foxn1-dependent thymic primordia in establishing CCL21/CCR7-and CCL25/CCR9-mediated chemokine guidance essential for prevascular fetal thymus colonization (33) . Vascularization of the thymus was first detected in ontogeny at stage 37 (7 dpf), at which thymus seeding was detected from multiple directions and at threefold higher velocity than earlier prevascular colonization. Thus, our results support the possibility that thymus seeding is mediated by at least two different and developmentally regulated molecular mechanisms, initially via the chemokine-dependent anterior-specific route and later via the multidirectional entry perhaps through the circulation.
In the three lines of rag1-egfp-transgenic medaka prepared in this study, prominent eGFP expression was specifically detectable in lymphoid cells, including thymocytes and lymphoid progenitor cells. Additional and prominent expression of eGFP was detected in olfactory tissues (Fig. 9) , as previously reported in rag1-gfptransgenic zebrafish (49) . It may be also interesting to note that the 9.6-kb fragment that is located at the 5Ј non-coding region of medaka rag1 locus was sufficient to specifically direct the expression of downstream egfp in a fidelity reasonable to the expression profile of endogenous rag1. In a study using rag1-gfp-transgenic zebrafish (50), 1.5-to 8.1-kb fragments of the 5Ј region of the rag1 translation initiation site directed the expression of GFP reporter gene in both lymphoid and nonlymphoid cells (50) . Thus, the medaka 9.6-kb fragment likely contains negative regulatory elements that are required to restrict rag1 expression to appropriate tissues and that are absent in the zebrafish 8.1-kb fragment.
Taken together, we have established the noninvasive intravital imaging of thymocyte dynamics in medaka. Noninvasive imaging of intravital thymocytes at single-cell resolution demonstrated the developmental acquisition of random-walk behavior by thymocytes and the orientation-specific seeding of embryonic thymocytes, and will likely lead to further understanding of hitherto unknown mechanisms for immune system development including repertoire formation.
